Abstract. We examined in vitro sensitivity of B-CLL cells exposed to cladribine, mafosfamide, mitoxantrone and combinations of cladribine with mafosfamide and/or mitoxantrone. The results revealed that each applied treatment of leukemic cells, besides having a cytotoxic effect, affected the events associated with apoptosis. All drugs used alone, and cladribine combinations with mafosfamide and/or mitoxantrone induced DNA fragmentation and the changes in expression/proteolysis level of caspase-3, caspase-9 precursors, PARP-1, lamin B, Bax and Bcl-2; however, each to a different degree. The exposure of leukemic cells to both cladribine combinations induced stronger effects. Moreover, the data showed that the expression of regulatory antiapoptotic protein Bcl-2 generally decreased in drug-treated B-CLL cells, whereas proapoptotic polypeptide Bax increased, resulting in enhancement of Bax-Bcl-2 ratios in comparison with untreated cells. Drug-treatment of the studied cells induced the translocation of Bax protein from the cytosol to the cellular pellet, containing mitochondria, where this polypeptide indicated the capacity for oligomerization. These observations suggest that the examined drugs are able to induce apoptosis of B-CLL cells via the mitochondria pathway.
Introduction
B-cell chronic lymphocytic leukemia (B-CLL) is a hematological neoplasm characterized by sustained lymphocytosis in peripheral blood with apparently mature lymphocytes which have been arrested at an early stage of differentiation. Leukemic cells are believed to accumulate primarily due to defects in apoptosis rather than uncontrolled proliferative capacity, and this model is supported by the observation that most B-CLL cells are arrested in the G 0 phase of the cell cycle and characterized by prolonged survival in vivo (1) (2) (3) . New insights into pathophysiology and the prognostic parameters of B-CLL are beginning to change the treatment of this disease. In the past B-CLL patients were cured with alkylating agents alone or administered in combinations with corticosteroids, but numerous clinical data suggest that higher remission rate can be obtained when purine analogs are employed as first therapy (4) (5) (6) . Two purine analogs, i.e. cladribine (2-chloro-2'-deoxyadenosine; 2-CdA) and fludarabine (9-ß-D-arabinosyl-2-fluoroadenine-5'-monophosphate) have indicated pronounced antitumor activity (7) (8) (9) . Among the proposed mechanisms are a direct interference with DNA and RNA biosynthesis, DNA repair, induction of apoptosis in leukemic cells, cell cycle control, or signal transduction pathways (8, 10, 11) . A number of studies have investigated the use of cladribine or fludarabine in monotherapy or in combinations with different drugs such as alkylating agents, glucocorticoids, and anthracyclines (12) (13) (14) (15) .
The purpose of this study was to assess in vitro chemosensitivity of B-CLL cells to cladribine and its combinations with mafosfamide (the active form of cyclophosphamide in vitro) or mafosfamide + mitoxantrone and to gain insight into the changes caused by this drug(s) on expression/ proteolysis of several apoptosis-related proteins, proapoptotic protein Bax translocation, its oligomerization as well as fragmentation of DNA. The in vitro combinations of cladribine (C) with mafosfamide (CMf) or mafosfamide + mitoxantrone (CMfM) were equivalent to that applied in clinical randomized studies, described as CC (cladribine + cyclophosphamide) and CMC (cladribine + mitoxantrone + cyclophosphamide) program, respectively (16) (17) (18) .
Materials and methods
Patients. Fifty-two patients (30 men and 22 women) with B-CLL who had not received treatment previously, with a ONCOLOGY REPORTS 16: 1389-1395, 2006 In vitro sensitivity of B-cell chronic lymphocytic leukemia to cladribine and its combinations with mafosfamide and/or mitoxantrone median leucocytosis of 41.1x10 9 /l (ranging from 11.9 to 300x10 9 /l) were studied. B-CLL was diagnosed according to standard clinical and laboratory criteria (19) . All patients were CD5, CD19, and CD23 positive and showed monoclonality for light chain immunoglobulin membrane surface receptors. The study was approved by the local ethics committee of Medical University of Lodz (No. RNN/237/ 03KE) and all the patients signed a consent form.
Cell preparation and incubation with chemotherapeutics.
Freshly obtained peripheral blood was fractionated by Histopaque sedimentation. Non-adherent mononuclear cells were then resuspended in RPMI-1640 with 10% fetal calf serum supplemented with 2 mM L-glutamine, 100 μg/ml streptomycin, 100 U/ml penicillin at a concentration of 2-5x10 6 cells/ ml. Leukemic cells were incubated with drug(s) as specified at 37˚C in an atmosphere of 5% CO 2 for 48 h.
Drug concentration.
Freshly isolated B-CLL cells were incubated with single agents or with drug combinations (applied simultaneously) for 48 h. Pharmacological concentration of cladribine (C; 0.05 μg/ml), mafosfamide (Mf; 1 μg/ ml), and mitoxantrone (M; 0.5 μg/ml) (13, 20) was used. Simultaneously incubation of B-CLL cells with cladribine in combinations with mafosfamide (CMf) and mafosfamide + mitoxantrone (CMfM) was performed. Purine analog cladribine was obtained from Bioton (Poland). Anthracendione, mitoxantrone was purchased from Jelfa SA (Poland). Alkylating agent mafosfamide was kindly donated by Baxter Oncology GmbH (Germany).
Cell viability assay. B-CLL cells were plated onto 96-well multi-titre plates at a concentration of 5x10 5 /well in volume of 100 μl/well. The cells were then incubated in the absence (control) or in the presence of either cladribine, mafosfamide, mitoxantrone alone or coincubated with cladribine and mafosfamide or mafosfamide + mitoxantrone. At the end of incubation, MTT (3-[4,5-dimethyltiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay was carried out as described by Cole (21) .
Cell lysates and Western blot analysis. After incubation with cladribine, mafosfamide, mitoxantrone or with combination of purine analog + mafosfamide or mafosfamide + mitoxantrone, cell lysates were prepared to assess the expression of proteins: procaspase-3, procaspase-9, polymerase poly(ADP-ribose) -PARP-1, lamin B, Bax and Bcl-2. B-CLL cells were lysed (4˚C; 20 min) in a buffer containing 10 mM Tris-HCl (pH 7.5), 300 mM NaCl, 1% Triton X-100, 2 mM MgCl 2 , 0.1 M DTT, and protease inhibitors added to a final concentration of 10 μM and 1 mM in the case of leupeptin, pepstatin A, benzamidine and phenylmethylsulfonyl fluoride, respectively. After the centrifugation at 20000 x g for 15 min, the supernatants were collected. Protein content was estimated by the method of Lowry et al (22) . Lysates (50 μg of proteins) were electrophoretically separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on 11.2 or 8.0% gels (23) and transferred to Immobilon P according to Towbin et al (24) . After blocking in 5% nonfat dry milk and TBS (10 mM Tris-HCl, pH 7.5, 150 mM NaCl) for 60 min, the membranes were incubated with antibodies specific to procaspases-3 and -9, nuclear proteins (PARP-1, lamin B1), Bcl-2 family members (Bax, Bcl-2), and actin in TBS in a cold room overnight. Rabbit or goat polyclonal antibodies (used at appropriate dilution) were purchased from Santa Cruz Biotechnology (USA). Subsequently, the membranes were washed several times in TBS containing 0.05% Tween-20 (TBST), and incubated with appropriate secondary antibodies conjugated with alkaline phosphatase (Sigma Chemical Co.) in TBS for 2 h at room temperature. The membranes were then washed several times with TBST, and the proteins were visualized by incubation with substrate solution (0.33 mg/ml of nitro blue tetrazolium, 0.17 mg/ml of 5-bromo-4-chloro-3-indolyl phosphate in 100 mM Tris-HCl, pH 9.5, 100 mM NaCl and 5 mM MgCl 2 ), prepared according to Leary et al (25) .
The determination of Bax/Bcl-2 ratio was performed as described by Prokop et al (26) . The integral density of immunostained polypeptide bands was estimated using the Gel-Pro Program. Control for the loading and transfer of protein samples was probed with actin antibodies.
DNA fragmentation. Assessment of DNA fragmentation was determined by slightly modified agarose gel electrophoresis prepared according to Bellosillo et al (27) . Briefly, 5x10 6 B-CLL cells after washing with PBS (phosphate-buffered saline), were lysed for 20 min at 4˚C in 5 mM Tris-HCl, pH 8.0, 0.5% Triton X-100, 20 mM EDTA. After centrifugation at 12000 x g for 20 min the supernatant was treated with proteinase K (0.2 mg/ml in a buffer containing 10 mM TrisHCl, pH 8.0, 150 mM NaCl, 40 mM EDTA, 1% SDS) for 6 h at 37˚C. DNA was extracted twice with buffered phenol/ chloroform/isoamyl alcohol (25:24:1), and precipitated with 0.1 volume of 3 M sodium acetate and 2 volumes of ethanol at -20˚C overnight. DNA precipitates were washed twice with 75% ethanol, dissolved in triple-distilled water, and digested with RNase (1 mg/ml) for 2 h at 37˚C. Finally, DNA samples were electrophoresed by standard agarose gel (1.8%) electrophoresis. Etidium bromide was used for DNA visualization under ultraviolet light. Cell fractionation. Fractionation of cells was performed using the digitonin method (28) . Control and drug-treated cells, after washing twice with PBS, were permeabilized for 1 min in ice-cold buffer (50 μl) containing 1 mM NaH 2 PO 4 , 8 mM Na 2 HPO 4 , 75 mM NaCl, 250 mM sucrose, digitonin (8.75 μg/ 10 6 cells) and protease inhibitors at a concentration described in the section 'Cell lysates and Western blot analysis'. After centrifugation at 12000 x g, the supernatant was removed as the cytosolic fraction. The pellet (organellar fraction) was resuspended in the above buffer (without digitonin). Supernatant and pellet fractions were supplemented with Laemmli sample buffer and boiled for 5 min.
Bax protein oligomerization. Bax oligomer formation was analyzed after protein cross-link by glutaraldehyde according to the method developed by Ganju and Eastman (28) , and immunoblotting. Cytosolic and organellar pellet fractions were obtained using digitonin lysis as described above. Glutaraldehyde solution (5%) was then added to cell fractions to the final concentration of 0.3% aldehyde. Samples were incubated for 30 min at 25˚C. Reactions were stopped by the addition of Laemmli sample buffer and boiled for 5 min. Samples were electrophoresed on 11.2% gels by the Laemmli method (23), and then analyzed by Western blotting using Bax antibody as the primary antibody.
Statistic analysis. The data of viability of untreated and drugtreated B-CLL cell samples were compared by ANOVA I and Tuckey's test. The Bax/Bcl-2 ratio values from untreated and treated leukemic cells were analyzed by ANOVA I test. The level of statistical significance was set at p≤0.05.
Results
Cytotoxicity of cladribine and its combinations with mafosfamide and/or mitoxantrone. B-CLL cells freshly isolated from blood of 52 patients, with no prior therapy, were incubated for 48 h without or with cladribine (C), mafosfamide (Mf), mitoxantrone (M) alone and with cladribine combinations with mafosfamide (CMf) or mafosfamide + mitoxantrone (CMfM). Treatment of leukemic cells with the drug(s) produced an inhibitory effect on their viability (Fig. 1) . The data showed that the viability of untreated CLL cells was 80.4±10.0%. Cladribine, mafosfamide and mitoxantrone added separately decreased viability of B-CLL cells up to mean values of 61.8±15.2%, 60.4±13.5% and 54.1±13.0% (versus untreated, p<0.0001), respectively. The combinations of cladribine containing mafosfamide or mafosfamide + mitoxantrone induced an additional inhibitory effect in comparison with purine analog alone, i.e., 52.1±10.2%, 50.7±10.6% versus 61.8±15.2% (p<0.001). The introduction of mitoxantrone alone to the studied cells caused reduction of their viability. However, the presence of this agent in the combination of cladribine + mafosfamide did not cause a significant decrease of cell viability (Fig. 1) .
Influence of cladribine and its combinations with mafosfamide and/or mitoxantrone on expression of proteins associated with apoptosis. After incubation of B-CLL cells with cladribine, mafosfamide, mitoxantrone and combinations of cladribine with either mafosfamide or mafosfamide + mitoxantrone, cell lysates were probed by Western blotting, and expression of several proteins participating in realization of apoptosis was examined. Fig. 2 shows representative immunoblotting results of enzymes involved in apoptotic degradation of cellular proteins, i.e., precursors of caspase-3 and caspase-9, two polypeptides, PARP-1 and lamin B, important for supporting of structural integrity and functional activity of cell nuclei as well as regulatory proteins belonging to Bcl-2 family, Bax and Bcl-2. Procaspase-9 (mol. wt. 46 kDa) -apical enzyme in mitochondrial pathway of apoptosis is activated through an apoptosome-induced conformational changes (29) . In active form caspase-9 processes the main apoptotic executioner, procaspase-3 (mol. wt. 32 kDa) and/or a caspase cascade leading to programmed death (30, 31) .
Expression of procaspase-3 and -9, after exposure of B-CLL cells to the drugs varied among the examined type of treatment. As shown in Fig. 2a , the expression of both procaspases in studied cells was the most sensitive to the combinations of cladribine with mafosfamide and/or mitoxantrone in comparison with untreated ones. Slight immunoreactivity of caspase-3 precursor was also noted after incubation with cladribine and mitoxantrone only.
Immunoblotting results of nuclear proteins, PARP-1 (mol. wt. 116 kDa) and lamin B (mol. wt. 67 kDa) in untreated and drug-treated cell lysates are presented in Fig. 2b . It is described that during apoptosis PARP-1 is cleaved to 85 and 24 kDa fragments (32), whereas lamin B to 46 and 24 kDa polypeptides (33, 34) . Results of our experiments demonstrated that in model cells subjected to treatment with drugs added alone or in 2-or 3-drug combinations, significant proteolysis of PARP-1 and lamin B was noted when compared to untreated cells. Full length of PARP-1 diminished or almost disappeared, and proteolytic product of 85 kDa emerged. In the same conditions of incubation, B-CLL cells responded to the applied drugs cleaving another nuclear component, lamin B; however, with different efficiency. Strongly immunostained native lamin B in untreated leukemic cells decreased significantly, primarily in the samples exposed to cladribine combinations with mafosfamide and/or mitoxantrone. Proteolytic degradation of this nuclear protein was accompanied by the appearance of 44/46 kDa fragment. Immunoblot analysis of procaspase-3 and -9 as well as both nuclear proteins revealed that these molecules in B-CLL cells in vitro appear to be less sensitive to mafosfamide than cladribine and mitoxantrone alone. It is accepted that in cancer cells apoptotic death program is often regulated abnormally (35) . A variety of stimuli including chemotherapeutics, mediate apoptosis via mitochondrial pathway which is mainly regulated by proteins belonging to the Bcl-2 family (36,37). We observed that the level of proapoptotic Bax protein (mol. wt. 21 kDa) expression increased after incubation of B-CLL cells with added drugs, however to a different degree. Cladribine combinations especially with mafosfamide + mitoxantrone induced the strongest effect on this protein level comparing with untreated cells (Fig. 2c) . In the same cell samples treated with drugs added solely, antiapoptotic protein Bcl-2 (mol. wt. 26 kDa) declined slightly or moderately. Immunoreactivity of Bcl-2 clearly decreased in leukemic cells exposed to 3 drugs together. In our experiments the Bax/Bcl-2 ratio values in untreated and drug-treated B-CLL cells were compared. As shown in Fig. 3 Bax protein translocation. During apoptosis induced by chemotherapeutics Bax protein, which in vital cells resides as a monomer, is translocated from the cytosol to the mitochondria, where it oligomerizes (35, 38) . Recently, endoplasmic reticulum-localization of Bax in vital cells has been reported (38) . Detection of this protein with antibodies recognizing Bax was performed in cellular pellet and cytosolic fractions of the studied cells, separated by digitonin permeabilization. Different levels of Bax are accumulated in cellular pellet of B-CLL samples followed by incubation with drugs added solely, and in 2 or 3 drug combinations (Fig. 4) . This translocation was accompanied by the decrease of described protein in the cytosol of drug-treated cells, and almost disappeared in those incubated with 3 drugs.
Bax oligomerization. Total lysates obtained by lysis with digitonin of untreated and drug-exposed B-CLL cells were cross-linked by 0.3% glutaraldehyde (28) , and then probed by Western blotting. As shown in Fig. 5 , Bax oligomer formation can be activated in leukemic cells after their incubation with 3 examined drugs added alone, and particularly DNA fragmentation. To determine whether the cytotoxicity of B-CLL cells was due to apoptosis induction, we examined if their treatment with the drugs applied solely or with 2-and 3-drug combinations induced DNA fragmentation. In electropherograms of DNA samples isolated from leukemic cells that underwent drug-exposure, extensive oligonucleosomal fragmentation induced by tested drug(s) was observed, but not in control untreated cells (Fig. 6) .
Discussion
Failure to induce apoptosis, the evolutionary conserved process of programmed death is a critical phenomenon in the development of many cancers, including B-CLL (39) (40) (41) . Since the reasons for apoptosis inhibition are still unclear a large number of studies have been performed to evaluate the relations between drug-induced cytotoxicity of malignant cells and the events accompanying cell programmed death. It is postulated that activation of apoptosis by cytotoxic agents is a mechanism by which cancer cells are forced to undergo cell death (42) .
Our in vitro study focused on estimation of chemosensitivity of B-CLL cells exposed to cladribine alone and in combinations with mafosfamide and/or mitoxantrone. The treatment of leukemic cells was carried out with agents analogous to the applied randomized clinical program based on cladribine in monotherapy (C), and combined with cyclophosphamide (CC) or mitoxantrone + cyclophosphamide (CMC) (17, 18) . Moreover, we investigated the influence on leukemic cells mafosfamide and mitoxantrone, components of the used drug-combinations. All examined samples were sensitive to the applied drugs; however, to a different extent, comparing with untreated (control) cells. The viability of B-CLL cells decreased significantly after incubation with combinations of cladribine containing mafosfamide and/or mitoxantrone. The cytosolic effect of mitoxantrone was greater than cladribine or mafosfamide alone. The drugs, besides the inhibition of B-CLL cell viability, induced some events characteristic of apoptosis. A variety of stimuli, including cytotoxic drugs, mediate cancer cell programmed death by influencing key effector/regulator proteins associated with apoptosis and fragmentation of genetic material (43) . The exposure of leukemic cells to the drugs alone and cladribine in combinations with mafosfamide and/or mitoxantrone affected the changes in expression/proteolysis of chosen apoptosis-related proteins, including caspase-3 and -9 precursors, nuclear proteins (PARP-1, lamin B), and two members of Bcl-2 family regulators (Bax, Bcl-2). The expression of the above polypeptides in drug-treated leukemic cells changed to a different degree depending on the treatment type. The marked lower expression/proteolysis of caspase-3, -9 precursors as well as both nuclear proteins was particularly observed in B-CLL cells exposed to cladribine combined with mafosfamide and/or mitoxantrone. The level of PARP-1 and lamin B expression also significantly declined with a concomitant increase of 85 and 44/46 kDa degradation fragments, respectively, in the case of samples treated with mitoxantrone and cladribine only. The appearance of PARP-1 and lamin B degradation products appear to be caused by caspases (mainly caspase-3) (32, 33, 44) . The level of both procaspases and nuclear proteins slightly changed after mafosfamide treatment.
At present it is accepted that caspases (cysteinyl proteases) play an essential role in proteolytic degradation during apoptosis (36, 45) . Some of these enzymes can cleave and inactivate cytosolic and organellar proteins important for cell survival (30) . A characteristic feature of programmed death is the marked change in cell nuclei, which reflect proteolytic degradation of some nuclear proteins and DNA fragmentation (43, 46) . It was demonstrated that caspase-3 is involved in activation of endonuclease -CAD -responsible for the oligonucleosomal DNA fragmentation (47) . Among the nuclear proteins, PARP-1 and lamins, which are caspases substrates, have received significant attention in apoptosis studies. PARP-1 synthesizes poly(ADP-ribose) from NAD in response to DNA strand breaks and participates in many processes including DNA replication, DNA repair, and genome stability (48) . This enzyme was the first nuclear protein to be cleaved by caspases (32) . Lamin B, DNA-binding protein is a member of the lamin family. It is an important component of nuclear lamina, a filamentous network which stabilizes cell nuclei, and also plays a role in DNA replication and chromatin organization (49) . Proteolytic degradation of lamin B by caspase-3 (33, 34) , and other lamins (A and C) by caspase-6 (50) facilitates the detachment of nuclear envelope from chromatin and the clustering of nuclear complexes, important signs of apoptosis (51) .
There is growing evidence that expression of Bcl-2 family proteins also represents an important determinant in cell susceptibility to apoptotic stimuli (35, 38) . This family contains proapoptotic [(Bax-like death factors) and Bcl-2 factors described as BH3 only], and antiapoptotic members (Bcl-2-like factors) -which protect cells from death. Upon apoptosis induction proapoptotic proteins (e.g. Bax) can bind to anti-apoptotic ones (e.g. Bcl-2) and remove the negative regulation on the apoptosome, resulting in procaspase activation and induction of an intrinsic, mitochondrial pathway (37, 38) . Bax and Bcl-2 may homo-or heterodimerize with one another, thereby antagonize or enhance the function of one another. Published reports suggest, that Bax/Bcl-2 ratio plays a role in setting the susceptibility of cells to apoptotic signals (52, 53) .
In B-CLL cells which underwent incubation with examined drugs alone or in combinations of cladribine with mafosfamide and/or mitoxantrone low/moderate decrease of antiapoptotic factor, Bcl-2 was noted. In the same cell samples the expression of proapoptotic protein Bax increased moderately. The elevation of this apoptotic promoter reached the highest level in leukemia cells treated with cladribine + mafosfamide + mitoxantrone. Consequently, the highest Bax/Bcl-2 ratio was determined among B-CLL samples exposed to 3 drugs together. The obtained results also showed that the tested drugs, primarily cladribine combined with mafosfamide and mitoxantrone enhanced some apoptotic events related to the mitochondrial pathway. Proteolytic cleavage of caspase-9 and -3 precursors, increase of Bax/Bcl-2 ratios, translocation of Bax protein from cytosolic fraction to cellular pellet containing mitochondria, where this polypeptide revealed capacity to form oligomers were observed. The changes in leukemic cells exposed to the drugs were accompanied by DNA fragmentation.
B-CLL is a heterogeneous, incurable disease, however, new therapeutic strategies are being developed. Cladribine displays significant activity in cancer arising from the clonal expansion of B cells, mainly by modulation of apoptosis pathways (10, 20, 54, 55) . Our findings demonstrate that the combination of this purine analog with mafosfamide and/or mitoxantrone is more efficacious in inhibiting B-CLL cell growth and in inducing apoptosis than any of the drugs alone.
